The recent availability of platform technologies for high throughput proteome analysis has led to the emergence of integrated messenger RNA and protein expression data. The Pearson correlation coefficients for these data range from 0.46 to 0.76. In these integrated studies, serial analyses of gene expression and DNA microarrays have been used to quantify the transcriptome, while proteome analysis has been based on two-dimensional gel electrophoresis, isotope coded affinity tags and multidimensional protein identification technology. This paper provides a comprehensive review of the analytical techniques used in these studies and explores the extent to which the choice of experimental methodology can bias the correlation or the ability to detect proteins.
INTRODUCTION
The advent of high throughput technologies for determining the expression patterns of thousands of genes was thought to mark a breakthrough in the understanding of biological processes; however, biological processes are driven by proteins and the evidence is mounting against messenger RNA (mRNA) being a reliable indicator of protein levels. Two early studies 1,2 indicated a poor correlation between mRNA and protein for all but the most abundant proteins. It was concluded that this was due to the limitations in the methods for quantitative analysis of the proteome. While the two groups used different methods to quantify and identify proteins, two-dimensional gel electrophoresis (2-DE) was used to separate the proteins in both studies. 2-DE has well-known biases against large, small or highly charged proteins, lesssoluble proteins and less abundant proteins. 3 Several groups have been working on new technologies to characterise the proteome which aim to overcome the limitations of 2-DE.
This paper provides a comprehensive review of integrated studies of the yeast proteome and transcriptome. 1,2,4À6 The studies employ different methods of quantitative protein analysis -isotope coded affinity tags (ICAT) 7 and multidimensional protein identification technology (MudPIT) 8 -and these are reviewed and compared with the results obtained from 2-DE. Some further classification and analysis of the published data is carried out to identify potential biases in the experimental techniques which may affect either the correlation or the ability to identify proteins.
EXPERIMENTAL METHODS
FOR QUANTIFYING THE TRANSCRIPTOME AND PROTEOME 2-DE remains the primary method of separating proteins, despite the fact that it is considered a labour-intensive, low throughput technique with poor reproducibility. 9 Manufacturers have responded to these criticisms with technical advances such as pre-cast gels and immobilised pH gradient strips which improve resolution and reproducibilityand which, when combined with automated staining, spot picking and excision and integrated with mass spectrometry (MS), can lead to improvements in throughput and reproducibility. Yet, a fully automated, proteomic, laboratory-based 2-DE is expensive and many of the intrinsic problems of 2-DE remain unresolved. These limitations have been highlighted by the progress in mass spectrometry and the availability of nucleotide and protein sequence databases. 10 Improved identification of proteins resolved via 2-DE has indicated the prevalence of comigrating proteins, while proteins predicted from genome sequences have helped identify many categories of proteins which were under-represented in results from gels.
It became clear that alternatives to 2-DE were required for high throughput quantitative proteome analysis. Link and co-workers 11 developed a method of multidimensional chromatography that separates proteins by charge and hydrophobicity. The process offers a high throughput technique amenable to complete automation and integration with MS and computational search techniques. An optimised multidimensional chromatography approach based on Link's workintegrated with tandem mass spectrometry (MS/MS), to separate and fragment the resultant proteins, and SEQUEST, a database search algorithm used to infer amino acid sequence from collision induced dissociation (CID) data -was then developed (MudPIT). 8 An alternative MS-based approach to identifying differentially expressed proteins was developed by researchers at the Washington Institute for Systems Biology in 2000. The ICAT 7 method is based on separately labelling cysteine residues from two protein populations with a light (containing eight hydrogen atoms) or heavy (eight deuterium atoms) affinity tag. The mixed population is then digested with trypsin and fragmented. Cysteine-containing proteins that are differentially expressed in the two populations will produce cysteinyl peptides with mass differentials corresponding to the mass difference of the affinity tags, allowing relative quantification of proteins in each population by MS. By only selecting peptides with a cysteine residue, a 10-fold reduction in the number of peptides sent for analysis by MS is achieved, resulting in improved sensitivity and selectivity. The accuracy of protein identification via searching databases is also improved due to the rarity of cysteine residues; however, the absence of any cysteinyl residues in a protein ($8 per cent of proteins in yeast) will prevent it from being identified. Comparison of the ratios of multiple peptides generated from a single protein in the two populations provides evidence of the accuracy of the method. The ICAT technique provides a gel-free and automatable approach to quantitative proteomics, but the reagents are expensive and it is not effective for identifying differential modifications or polymorphisms.
Methods for genome-wide measurement of mRNA include DNA microarray technology 12 and serial analysis of gene expression (SAGE). 13 SAGE is based on the generation of unique, short sequence tags (10À17 base pairs) from each mRNA molecule in the cell. These tags are then concatenated into a single molecule and sequenced. The frequency with which each tag is observed provides absolute quantification of mRNA expression. Frequency distributions for an organism under given growth conditions are publicly available via the SAGE library (see ref. 14). Yet, genes will not be identified if they do not contain a recognition site for the restriction enzyme used to create the tags and errors can also occur if the tag is not unique; genes with a low copy number will also not be reliably detected.
DNA microarray technology is based on immobilising probe sequences (either complementary DNA or oligonucleotides) at predetermined positions on a solid support. Labelled target sequences from two populations are added and allowed to hybridise to the target sequences. By quantifying the High throughput technologies are becoming available labels, the relative abundance of mRNA is determined. The datasets produced from such experiments are large, complex and prone to be noisy. While microarrays can accurately identify 2À3-fold changes in expression, smaller but potentially significant changes in expression are more difficult to detect. Microarrays are generally more sensitive than SAGEbased techniques but specificity can be compromised by cross-hybridisation.
The methods used for producing integrated proteome and transcriptome data for Saccharomyces cerevisiae are summarised in Figure 1 , with the resultant data summarised in Table 1 . To allow a more comprehensive comparison of the datasets, the following section of this paper includes some further analysis over that provided in the original papers.
STATISTICAL METHODS FOR DETERMINING CORRELATION
Both SpearmanÀRank correlation and the Pearson correlation coefficient have been used to determine the significance of the correlation between mRNA and protein data. The SpearmanÀRank coefficient, R, is calculated by determining the difference, d, in rank of n paired observations.
While it provides a quick indication of the degree of correlation present, the SpearmanÀRank coefficient can produce inaccuracies if there is a large number of tied values. The Pearson's product moment correlation coefficient, r, is calculated from the actual data values and is, therefore, more accurate; however, it is not robust against deviations from the normal distribution. 
ANALYSIS OF DATASETS
Protein data based on 2-DE produced the best overall correlation with mRNA, but these datasets are dominated by a few highly abundant proteins -eg removing the ten most abundant proteins from dataset 1 reduces the Pearson correlation coefficient from 0.61 to less than 0.4. The frequency distributions of the protein measurements (either abundance for datasets 1 and 2 or expression ratios for datasets 3, 4 and 5) demonstrate that data produced via the ICAT technique give the best approximation to the normal distribution ( Figure 2 ) signifying comprehensive analysis of both low and high abundance proteins. Data based on 2-DE studies have a narrow distribution, which is indicative of the limited dynamic range associated with this technique. Dataset 3 was ranked by change in protein expression and sorted into bins containing 30 consecutive values. The Pearson product moment was determined for each bin (Figure 3) , and showed that a significant correlation was observed between mRNA and protein abundance across a wide dynamic range.
Evidently, the correlation is also dependent on the ability correctly to identify significant changes in mRNA expression ratio. Early studies with microarrays used a threshold test to identify differentially expressed genes; this approach is supported by dataset 3 where an average 3-fold change in mRNA expression was required before a significant correlation was observed ( Figure 4A) . Nevertheless, the size of systematic errors compared with changes in expression will be greater for low abundance genes than for high abundance genes and, thus, significant changes in genes expressed at lower levels may be missed. The authors of the ICAT data (sets 3 and 4) used confidence values (º) to identify differentially expressed microarray data. 15 They suggest that genes having a º value of >45 are differentially Published data indicates that mRNA is a poor predictor of protein (Figure 4) . The only significant correlation (0.8) was observed for the bin with an average º value of 40, confirming the view of the original authors that this represented significant mRNA changes. The effectiveness of this method is supported by the fact that the majority of genes in the confidence value bin with the highest Pearson correlation had low mRNA and protein expression ratios. It was, though, also observed that no protein was measured for the 76 per cent of genes for which the confidence value was above the significance threshold indicated.
The N-end rule 16 predicts the in vivo half-life of a protein based on the identity of its N-terminal residues. Approximately 35 per cent of the open reading frames (ORFs) in the Saccharomyces Genome Database can be classified as having a short half-life. Proteins identified using the three techniques (2-DE, ICAT and MudPIT) were classified as having either a long or short half-life based on the Nend rule. A similar percentage (33.5 per cent) of proteins identified using the ICAT technique were predicted to have a short half-life, which would suggest that the method is not biased towards either classification. This is in contrast to the data produced by 2-DE and MudPIT, where 17 per cent and 23 per cent of the identified proteins were predicted to have a short half-life, respectively, indicating that both 2-DE and MudPIT are biased towards proteins with a longer half-life. Interestingly, the majority of the shortlived proteins identified by 2-DE were in low abundance, but showed a stronger correlation with mRNA (Table 2; Figure 5 ).
INTEGRATING DATA
Annotation with information on metabolic pathways or function has been used to classify the data. Washburn used clustering techniques based on protein complexes or metabolic pathways to identify categories which show stronger correlations. 6 Similarly, the author has used the Gene Ontology (GO) high-level process classifications to identify clusters of genes which had a good correlationeg the 27 genes in dataset 3, annotated by GO as having a role in carbohydrate metabolism, had a Pearson correlation coefficient of 0.86.
Approximately one-third of the genes in dataset 3 were negatively correlated with protein expression. Analysis of this group through integration with GO allowed the identification of a cluster of nine genes associated with the stress response (r ¼ À0.82). Preliminary analysis Statistical analysis of combined proteome and transcriptome data can provide insights into potential experimental bias of the literature on these negatively correlated genes showed that high mRNA levels and low protein levels were observed when there was evidence for regulation of translation (eg SSA3), 17 while high protein and low mRNA levels were observed for genes (eg PUP2) 18 in which the mRNA was stored in the nucleus and released once protein levels had reached some threshold limit ( Figure 6 ).
DISCUSSION
The emergence of integrated proteomeÀtranscriptome studies in the literature is showing that mRNA is a poor indicator of protein expression levels. Post-translation, the amount of active protein is dependent on many factors such as its location and its halflife, or the protein may have to be modified or interact with other proteins to become effective; the experimental methods used to measure protein and mRNA will also affect the correlation. 2-DE has a limited dynamic range and is biased against basic and hydrophobic proteins. Some of these problems should be overcome by using techniques such as ICAT and MudPIT. A much larger fraction of low abundance proteins was identified using these techniques and a significant correlation with mRNA was observed across a wider range of expression ratios. Using ICAT, neither the ability to detect proteins nor the correlation was affected by the predicted protein half-life, demonstrating a clear advantage of the ICAT technique over methods based on 2-DE.
The development of high throughput techniques, such as ICAT and MudPIT, for determining protein expression has enormous potential for increasing understanding of biological systems; however, the inherent complexities of . 6 The bars are labelled with the bin average for the confidence value. The 5 per cent significance level is given for comparison: bars above the line are significant at the 5 per cent level 
